Abstract Effects of dietary cholesterol [0 (control), 1, 2, 4, or 8 g cholesterol/kg diet for 12 weeks] on lipid contents and fatty acid compositions in red blood cell (RBC) membranes and plasma of rabbits and pathological changes and lipid oxidation in their livers were determined. Contents of total lipid and unsaturated fatty acids in RBC membrane and plasma of rabbits fed ≥4 and ≥2 g dosages, respectively, were significantly higher (p<0.05) than those of the control, and their increases were dosage-dependent. Accumulations of neutral lipids in centrolobular regions of livers in rabbits fed ≥2 g were dosage-dependent. Lipid oxidation in liver of rabbits fed 8 g was >2 times higher (p<0.05) than those fed lower dosages. The results indicated that dietary cholesterol can modify lipid metabolisms of rabbits, including biosynthesis and transportation of lipids and fatty acids and incorporation of fatty acid into RBC membranes.
Introduction
Dietary cholesterol is linked to many lipid-associated disorders such as atherosclerosis and other cardio-vascular diseases (1) . Dietary cholesterol is suggested to induce changes in fatty acid compositions and cholesterol/ phospholipid ratio in cell membrane and, consequently, its physicochemical properties including membrane fluidity (2) . Membrane fluidity is a major determinant of membraneassociated functions such as receptor binding, neurotransmitter release and re-uptake, ion transport, and membrane-bound enzyme activities (3, 4) . Membrane fluidity mainly depends on fatty acid compositions, their degree of unsaturation, phospholipid classes, and cholesterol/phospholipid ratios (5) . Increased cholesterol/phospholipid ratio in lipoproteins, platelets, and erythrocyte, endothelium, and liver cell membranes is one of typical metabolic disorders during the development of atherosclerosis (6) . Changes in fatty acid composition and membrane fluidity of other cells such as immune cells can affect the cell functions, resulting in the development of various disorders and diseases (7) .
However, little attention has been paid to the effect of cholesterol on lipids metabolism such as changes in lipid content and fatty acid composition although the effect of dietary lipids on cholesterol metabolism has been extensively studied (1, 8) . Several studies reported that dietary cholesterol can also affect lipid metabolism in liver: increases in triglycerides (TG) and fatty acid biosynthesis and a decrease in fatty acid β-oxidation (8) (9) (10) . They suggested that cholesterol stimulates acyl-CoA cholesterol acyltransferase (ACAT) and other enzymes involved in fatty acid biosynthesis, which increase cholesterol esters (CE) formation and the synthesis of TG and fatty acids. In addition, Fungwe et al. (11) demonstrated that dietary cholesterol stimulated the secretion of very low density-TG (VLD-TG), phospholipids (PL), free cholesterol (FC), CE, and apolipoprotein B in a dose-dependent manner. Although these studies defined the effects of dietary cholesterol on fatty acid composition and lipid content in animals, they used the diets containing large amounts of fats and oils from various sources. Dietary lipids were shown to induce extensive modifications of fatty acid compositions in cell membranes, resulting in changes in cellular functions (12) . Fatty acid compositions of plasma and erythrocytes are closely related to fatty acid intake, and are frequently used as biomarkers to evaluate the type of fatty acids consumed (13) . Therefore, effect of dietary cholesterol on the lipid metabolism in those studies may be compromised by accompanied dietary lipids.
The objective of this study was to determine the effect of dietary cholesterol in a low-fat diet on lipid contents and fatty acid compositions of plasma and red blood cell (RBC) membranes, and pathological changes and lipid oxidation in the liver of rabbits.
Materials and Methods
Dietary treatments and sample preparations A total of 30 (3-month-old) male New Zealand White (NZW) rabbits (pathogen free) were purchased from Myrtle's Rabbitry (Thompson Station, TN, USA), randomly allocated to 5 dietary cholesterol dosages, and individually housed in stainless steel cages. The dosages of dietary cholesterol were 0 (control), 1, 2, 4, or 8 g cholesterol/kg basal diet. The basal diet of rabbit chow contained 16% crude protein, 1.5% crude fat, and 17% crude fiber. Cholesterol obtained from Sigma-Aldrich (St. Louis, MO, USA) was dissolved in 99.9% chloroform and sprayed onto a basal rabbit chow as a fine mist. Cholesterol concentrations in chloroform were adjusted to provide the desired concentrations for experimental diets. The cholesterol concentrations in diets were confirmed by cholesterol analysis. Chloroform was evaporated by exposing the diets in a fume hood overnight. Butylated hydroxyanisole (BHA, Sigma-Aldrich, 0.02% of diet) was added to minimize oxidation of cholesterol during chloroform evaporation and subsequent storage of the diets. Daily portions of diets were individually vacuumpackaged and stored in a freezer (−20 o C) to prevent oxidative changes during storage. After 1 week of adaptation with experimental diets (170 g/rabbit/day), rabbits were continuously fed the same diet for additional 12 weeks (total 13 weeks). Blood samples were taken from the ear vein every 2 weeks starting after 1 week of adaptation to collect plasma and RBC membrane. Data obtained at 0, 6, and 12 week were presented.
At the end of feeding trial, feeds were withdrawn overnight and rabbits were anesthetized with ketamine (35 mg/kg BW). After blood samples were taken by cardiac puncture, rabbits were euthanized by a pentobarbital overdose (200 mg/kg BW), the thorax was opened and liver samples were collected. A portion of the liver tissue was immediately fixed and stained for the examination of pathological legions and the rest were frozen in liquid nitrogen for lipid oxidation analysis. The feeding, sample collection, and slaughtering protocols were approved by the Institutional Animal Care and Use Committee at Iowa State University (Approval # 3-9-4165-1-L).
Preparation of plasma and RBC membrane Blood samples were collected in EDTA-containing centrifugetubes and centrifuged at 3,000×g for 10 min to separate blood plasma (supernatant) and RBC (precipitate). After the plasma was collected, the remaining RBC was washed several times with 0.9% saline and then dried using filter papers. RBC pellet (1 g) was lysed with 20 mL deionized, distilled water (DDW), and centrifuged at 3,000×g for 15 min. RBC membrane was collected by discarding upper layer (14) .
Total cholesterol content in RBC membrane RBC membrane obtained from 1 g RBC were homogenized with 10 mL saponification reagent (33% KOH:ethanol=6:94, v/v), and 0.5 mL internal standard (2 mg 5α-cholestane/ mL hexane; Sigma-Aldrich) using a polytron for 15 s and then incubated at 50 o C for 1 h. After cooling to room temperature, the homogenate was mixed with 3 mL DDW and 3 mL hexane and stored at room temperature for 12 h for phase separation. One mL of top hexane layer containing cholesterol and internal standard was transferred to a 2-mL vial for cholesterol analysis. Total cholesterol content in RBC membrane was determined using a GC (HP6890; Agilent Technologies, Santa Clara, CA, USA) equipped with and flame ionization detector (FID). A splitless inlet was used to inject samples (1. Helium was carrier gas at constant flow of 1.1 mL/min. Peaks of cholesterol and internal standard were identified using the corresponding standards. The area of each peak (pA*s) was integrated using the ChemStation software (Agilent Technologies) and the amount of cholesterol (mg/ g RBC) was calculated using the internal standard.
Total lipid contents and fatty acid compositions in plasma and RBC membrane Total lipid content and fatty acid compositions in plasma and RBC membrane were determined according to Ahn et al. (15) . Lipid fractions were extracted from the plasma and RBC membrane using Folch solution (chloroform:methanol=2:1) to analyze the total lipid content and fatty acid composition. The sample (RBC membrane from 1 g RBC pellet or 1 mL plasma) was homogenized with 20 mL Folch solution using a polytron for 15 s. The homogenate was mixed with 5 mL 0.88% NaCl solution and then left overnight for phase separation. The volume of the bottom layer containing total lipid was recorded and then the top layer was siphoned off. The bottom layer (10 mL) was collected and dried in a block heater at 50 o C for 1 h with continuous nitrogen flow. Dried lipid was weighed and total lipid contents in RBC membrane (% lipid) and plasma (g lipid/100 mL plasma) were calculated. The dried lipid was reconstituted with an appropriate volume of chloroform to obtain a lipid solution (50 mg lipid/mL). The lipid solution (100 µL) and borontrifluoridemethanol (BF 3 -methanol) methylation reagent (1 mL) were mixed and incubated in a water bath at 90 o C for 1 h. After cooling to room temperature, the mixture was mixed with 5 mL water and 3 mL hexane, and left overnight for phase separation. The top layer containing fatty acid methyl esters (FAME) was collected into a 2-mL amber vial and loaded onto the HP-5 column installed in a GC with FID. A splitless inlet was used for injection (1.0 µL). Ramped oven temperature was used to facilitate FAME separation: the initial oven temperature (180 C. Helium was carrier gas at constant flow of 1.1 mL/ min. Individual peaks were identified using FAME standards (Sigma-Aldrich), and area of each peak (pA*s) was integrated using the ChemStation software.
Pathological lesions of liver Liver tissues were fixed in 10% buffered formalin for 24 h, and then washed for 4 h in tap water, dehydrated in an automated processor and embedded in paraffin. Sections were cut at 4 µm and stained with hematoxylin and eosin (H & E), periodic acidSchiff (PAS)-alcian blue at pH 2.5, and oil-red-O. The stained sample was examined using light microscopy to determine the pathologic conditions and the degree of lesions in liver tissues.
The pathologic conditions and the degree of lesions were characterized by vacuolation of hepatocytes, lipid deposition, and position of nuclei.
Lipid oxidation in liver The pulverized liver tissue (1 g) was homogenized with 9 mL DDW and 100 µL BHA solution (10% in 95% ethanol, w/v) using a polytron for 15 s. The homogenate (0.5 mL) was mixed with 200 mL 8.1% sodium dodecylsulfate (SDS), 1.5 mL HCl, 1.5 mL 20 mM 2-thiobarbituric acid, and 250 mL DDW. The mixture was incubated for 15 min in a 90 o C water bath. After cooling for 10 min, it was mixed with 1 mL DDW and 5 mL n-butanol/pyridine solution thoroughly and then centrifuged at 3,000×g for 15 min. The fluorescence response of the upper layer was determined at an excitation wavelength of 520 nm and an emission wavelength of 550 nm using a fluorometer. The 2-thiobarbituric acid reactive substances (TBARS) value of liver tissues was expressed as nmol malonaldehyde (MDA)/g tissue.
Statistical analysis A completely randomized design was used to determine the effects of dietary cholesterol on lipid metabolism in rabbits (n=6). The data were reported as means and standard error of the means (SEM) and analyzed by analysis of variance (ANOVA) using the SAS program (version 9.1; SAS Inst., Cary, NC, USA). StudentNewman-Keuls' multiple range test was used to compare the means among treatments (p<0.05).
Results and Discussion
Total cholesterol content in RBC membrane Total cholesterol contents in rabbit RBC membrane increased proportionally as dietary cholesterol dosages increased, with the highest value (4.04 mg/g RBC) at 8 g cholesterol dosage after feeding trial (Table 1 ). These observations agreed with Sengupta and Ghosh (16) who demonstrated that dietary cholesterol increased cholesterol contents in plasma and erythrocyte membrane and caused an increase in cholesterol/phospholipid ratio. The dietary cholesterol was reported to decrease the activity of lecithin cholesterol acyl transferase (LCAT), leading to an increase in free cholesterol that contributes to cholesterol enrichment of erythrocytes (17) . Hemorheological alterations are associated with cardiovascular diseases and other disorders and, therefore, are considered as risk factors (18) . Normal RBC possesses high deformability which is essential for its survival in microcirculation. The increase in cholesterol content in RBC membrane leads to decrease in membrane fluidity and deformability. Luquita et al. (19) suggested that blood hyperviscosity is due to decreased deformability of erythrocyte membrane. Blood viscosity may be one of the determinant factors for cardiac diseases (20) .
Total lipid content in RBC membrane and plasma Total lipid contents in RBC membrane of rabbits fed 1 and 2 g cholesterol dosages were not different (Table 2 ), but those of the rabbits fed 4 and 8 g cholesterol dosages were >2 times higher compared to that of the control after the feeding trial (p<0.05). Total lipid content in plasma of rabbits fed 1 g cholesterol dosages was not different from the control after the feeding trial (Table 2 ). However, those fed 2, 4, and 8 g cholesterol dosages had approximately 7, 18, and 25 times, respectively, greater than the control after the feeding trial (p<0.05). Interestingly, most increases in the plasma total lipid contents of rabbits fed 2 g or more cholesterol dosages were observed during the first 6 weeks.
Our observations were consistent with other studies (2, 10, 21, 22) , which suggested that dietary cholesterol induces hypertriglyceridemia in rats due to increase in net hepatic fatty acid and TG biosyntheses, the formation of CE, and the secretion of very low-density lipoprotein (VLDL). Dietary cholesterol-induced hypertriglyceridemia was also reported (23) possibly due to increased activities of glycerophosphate acyltransferase (catalyzes the 1 st committed step in glycerolipid synthesis), phosphatidate phosphohydrolase (control the rate of diglyceride production) and diacylglyceride acyltransferase (regulate the channeling of diglyceride into triglyceride) (9) . Therefore, we assume that more than 2 g cholesterol/kg diet may need to induce cholesterolstimulated fatty acid and TC biosynthesis and reduced β-oxidation of fatty acid as well as increased cholesterol levels in plasma, resulting in increased total lipid contents in plasma and RBC membrane of rabbits. The lipid metabolic processes stimulated by dietary cholesterol were slowed down in the later stage of cholesterol feeding probably due to the inhibitory effects of accumulated lipid molecules against important factors for those metabolic processes such as the key enzymes. However, further evidences are needed for these assumptions.
Fatty acids compositions of plasma and RBC membrane Fatty acid compositions of RBC membrane (Table 3-5) and plasma (Table 6,7) of rabbits fed cholesterol-free diet changed significantly during the feeding trial (p<0.05): an increase in a unsaturated fatty acid (UFA) content and a decrease in a saturated fatty acid (SFA) content. Polyunsaturated fatty acid (PUFA) content was not changed although increase in linoleic acid (C18:2) and decrease in arachidonic acid (C20:4) were observed. The increase in UFA content was primarily due to an increase in oleic acid (C18:1, n=9). These changes might be related to the physiological adaptation process of rabbits fed diets containing low fat diet (1.5%) during growing.
Fatty acid compositions of RBC membrane were significantly affected by dietary cholesterol dosages during 12 week-feeding. The SFA contents of RBC membrane of rabbits fed 4 and 8 g cholesterol dosages were significantly lower (p<0.05), but the UFA and PUFA contents were significantly higher than those of the control after the feeding trial (p<0.05). The lower SFA contents in RBC membrane of rabbits fed 4 and 8 g cholesterol dosages were mainly attributed to lower stearic acid (C18:0) content, which decreased mainly during the first 6 weeks Means with different superscript in the same row (a-c) and the same column (w-z) are significantly different (p<0.05, n=6).
of feeding period (74.7% for 4 g cholesterol dosage and 63.3% for 8 g). Although the levels of palmitic acid (C16:0) in those treatments were not different from that of the control, its major decrease occurred after the first 6 week of feeding period (70.3 and 88.4%, respectively). The patterns of increase in the UFA and PUFA contents in RBC membranes of rabbits fed 4 and 8 g cholesterol dosages were different (p<0.05): the higher UFA content in the RBC membrane of rabbits fed 4 g cholesterol dosage was primarily due to high linoleic (C18:2, n=6), linolenic (C18:3, n=3), and arachidonic acids. The content of arachidonic acid initially decreased during the first 6 weeks, but increased to the initial level during the last 6 weeks of feeding period.
The linolenic acid content did not increase during the first 6 weeks of feeding period, but increased significantly during the last 6 weeks (p<0.05). Because PUFAs cannot be synthesized in mammals, the increases in PUFAs may be due to their relocation from other tissues such as liver and adipose tissues into RBC membrane. In addition, the oleic acid content was significantly higher than that of the control after 6 weeks of feeding trial, but it was not different from control after 12 weeks. The high UFA and PUFA contents in RBC membrane of rabbits fed 8 g cholesterol dosage were mainly attributed to oleic and linoleic acids whose increase mainly occurred during the first 6 weeks of feeding period. These results indicated that changes in fatty acid composition in RBC membrane may vary depending on dietary cholesterol dosages. Rabbits were fed with the same diets during the 1-week adaptation period; No difference was observed among means in the same row (p≥0.05, n=6). Rabbits were fed with the same diets during the 1-week adaptation period; Means with different superscript in the same row are significantly different (p<0.05, n=6).
Our observations agree with several other studies with different animals and human subject. Hariharan and Raina (14) reported that dietary cholesterol reduced stearic acid content but increased oleic, linoleic, and arachidonic acid contents in erythrocyte membrane, kidney, and spleen of rats fed diets containing 20% safflower oil or palm oil for 6 weeks. They suggested that dietary cholesterol modified the fatty acid composition of erythrocytes membrane, kidney, and spleen lipids. Changes in the fatty acid compositions of phospholipids in erythrocyte membrane from cholesterol-fed rabbits (a decrease in stearic acid and an increase in linoleic acid content) were also reported (3). They postulated that the increase of cholesterol/phospholipid ratio in erythrocytes may be compensated by the decrease of stearic acid and the increase of linoleic acid. Changes in lipid composition in erythrocytes may be due to compensatory mechanisms to maintain its homeostasis such as membrane fluidity (24) . The fluidity of cell membrane depends on cholesterol/phospholipid ratio and a fatty acid composition (i.e., the degree of unsaturation), and can be intensified by the incorporation of unsaturated fatty acids (6) . Increase of oleic acid contents in liver microsomes of rabbits could be due to an increase in ∆9-desaturase activity and decrease in ∆6-and ∆5-desaturases activities stimulated by dietary cholesterol (25) . Therefore, the results of this study suggest that diets with higher dietary cholesterol dosages may induce changes in biosynthesis of fatty acid, unsaturation process of SFAs to MUFAs, especially oleic acid, and/or relocation of PUFAs from other tissues into RBC membrane, resulting in changes in fatty acid composition of RBC membrane probably to prevent changes in membrane fluidity caused by increased incorporation of cholesterol (Table 1) . However, further studies are needed to elucidate the mechanisms how dietary cholesterol regulates fatty acid compositions in RBC membrane and other tissues.
Changes in fatty acid compositions in plasma of rabbits fed cholesterol were primarily due to changes in their PUFA contents, and were slightly different from those of the RBC membrane. The PUFA contents in plasma of rabbits fed 2 g or more cholesterol dosages were higher than those fed the control after the feeding trial (p<0.05), primarily due to higher contents of linoleic and arachidonic acids. Interestingly, the level of linoleic and arachidonic acids in the plasma of rabbits fed 2 g or more cholesterol dosage mostly changed during the 1 week of adaptation period and then seemed to be stayed during the following 12 week feeding period while those in the control-fed changed throughout the whole period. The SFA and UFA contents in the plasma of rabbits fed 2 g cholesterol dosage were significantly lower and higher, respectively, than those fed the cholesterol-free diet (p<0.05). Most these changes were due to their lower levels of palmitic and stearic acids compared to the control and decreases in those SFAs seemed to occur throughout the whole period. Oleic acid contents in the plasma of 4 and 8 g cholesterol dosagefed rabbits were significantly higher than those of the control after the 1-week adaptation (p<0.05), but were lower after 6 weeks and 12 week of feeding (p<0.05). These changes in the plasma may be due to the physiological adaptation to supply more UFAs to cell membranes such as RBC membrane to prevent a decrease in membrane fluidity caused by increased supply of cholesterol. We assume that the increases in UFAs in the plasma may be attributed to increases in the activities of enzymes involved in unsaturation process such as ∆9-desaturase, increases in the relocations of UFAs from liver, adipose tissues, or others to Rabbits were fed with the same diets during the 1-week adaptation period; Means with different superscript in the same row are significantly different (p<0.05, n=6).
cell membrane, and/or decreases in the activities of enzymes involved in fatty acid biosynthesis such as fatty acid synthase.
Pathological examination and lipid oxidation of liver
The accumulations of large amounts of neutral lipids were identified in livers of the rabbits fed 2 g or more cholesterol dosages and their accumulations seemed to be dosedependent (Fig. 1) . However, neutral lipid accumulation in the livers of rabbits fed 1 g cholesterol dosage appeared to be similar to those fed cholesterol-free diet. Intracellular lipids were accumulated in the form of large lipid globules indicating the hypercholesterolemia-induced hypertriglyceridemia when the levels of dietary cholesterol were high (≥2 g cholesterol/kg diet). In addition, a zonal preference was observed that most lipids were built up in the centrolobular regions of the livers from rabbits fed diets with high dietary cholesterol dosages (≥2 g cholesterol/kg diet). Gordon et al. (26) reported that cholesterol-fed NZW rabbits showed distortion of hepatic cellular architecture from severe fat deposition in the livers. The accumulation of cholesterol crystals was pronounced in the centrolobular regions of the liver from rabbits fed a diet containing 2% cholesterol for 15 weeks. Lipid accumulations occurred in the centrolobular regions of the livers from rats and mice fed methionine-and choline-deficient diets, where oxidative stress may cause hepatocyte necrosis and inflammation (26) .
The TBARS values in the liver of rabbits fed 0, 1, 2, and 4 g cholesterol dosages were not significantly different Rabbits were fed with the same diets during the 1-week adaptation period; Means with different superscript in the same row are significantly different (p<0.05, n=6). C16:0, palmitic acid, C16:1, palmitoleic acid, C17:0, margaric acid, C18:0, stearic acid, C18:1, oleic acid, C18:2, linoleic acid, C18:3, linolenic acid, C20:4, arachidonic acid, SFA, saturated fatty acid; UFA, unsaturated fatty acid; PUFA, polyunsaturated fatty acid
2)
Rabbits were fed with the same diets during the 1-week adaptation period; Means with different superscript in the same row are significantly different (p<0.05, n=6).
from each other, but those fed 8 g cholesterol dosage had 2.7 times higher TBARS values than that of the control after the feeding trial (p<0.05) ( Table 1 ). Mahfouz and Kummerow (27) reported that dietary cholesterol induced hypercholesterolemia and increased concentrations of lipid peroxidation products in rats and rabbits. Studies have provided many evidences that great amounts of decomposed products of lipid peroxides such as MDA are in human and animal atherosclerotic lesions (28) , and dietary cholesterol induced hypercholesterolemia and increased concentrations of lipid peroxidation products in rats and rabbits (27) . Lipid peroxidation in lipoproteins can cause structural modification of lipoproteins and, consequently, increases cholesteroldonating ability of LDL and inhibits cholesterol-accepting capacity of HDL, resulting in increased cholesterol accumulation in blood vessel cells, and thus contributing to atherosclerosis (29) . This study demonstrated that dietary cholesterol can cause modification in total lipid contents and fatty acid compositions in RBC membrane and plasma of rabbits probably by inducing changes in lipid metabolisms including lipid and fatty acid biosynthesis, unsaturation and relocation processes of certain fatty acids to prevent loss of membrane fluidity caused by increased incorporation of cholesterol. However, further research is needed to address questions raised in this study: i) how dietary cholesterol changes lipid and fatty acid biosynthesis, ii) how dietary cholesterol triggers levels of certain individual fatty acids in cell membrane, and iii) how the compensatory mechanisms work to maintain functionalities of cell membrane. Fig. 1 . Degrees of vacuolar degeneration in hepatocytes of rabbits fed with different levels of dietary cholesterol after 12 weeks of feeding trial. 1a, rabbits fed with 8 g cholesterol/kg diet; 1b, rabbits fed with 4 g cholesterol/kg diet; 1c, rabbits fed with 2 g cholesterol/kg diet; 1d, rabbits fed 1 g cholesterol/kg diet. 160× H & E staining
